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Abstract— This paper presents a model to predict aero-
dynamic disturbances during close formation flight of two
multirotors. The model is based on a propeller velocity field
model and characterization of change in propeller thrust
under oncoming flow. Using this model, we predict forces and
torques on one mutirotor due to downwash of the other with
respect to relative separation of the multirotors. We conduct
proximity flight experiments using two types of quadcopters
to measure forces and torques using accelerometer and rate-
gyro. Predictions from the model and results from experiments
match well for vertical separations greater than seven times the
vehicle size. This verifies the range of fidelity of the model.

I. INTRODUCTION

The maneuverability and agility that multirotors offer
lends these vehicles to applications such as mapping, in-
spection, surveillance, and delivery. They are often utilized
as cooperative aerial vehicles, for instance in the case of
multi-agent construction tasks [1], [2] and observing moving
targets [3], [4]. In all these contexts, some of the biggest
limitations of multirotors are their limited endurance, range,
and payload capacity.

Having the capability to swap batteries, change sensor
suites, or hand off packages from one vehicle to another
in mid-air would represent an improvement in vehicle per-
formance with minimal interruption to a mission. Accom-
plishing any of these tasks necessitates the ability to dock
two vehicles in flight, or at least operate in proximity. An
important consideration for rigidly docking two vehicles is
the mutual aerodynamic interference experienced by each
vehicle flying in proximity during a docking maneuver.

Current literature covers various aspects of aerodynamic
performance of multirotors. Aerodynamic influences on con-
trol of these vehicles have been studied, including ground
effect [5] and ceiling effect for bridge inspection [6]. The
effect on flight performance due to the downwash of a
neighboring vehicle is of prime importance for flying mul-
tiple vehicles in proximity. One approach to address these
disturbances is to constrain the trajectories of the vehicles to
avoid downwash from the vehicles above, either completely
or partially. For example, [7] experimentally measured wind
velocities below a multirotor to observe the distance where
the downwash effect is negligible, and [8] uses obstacle
avoidance to prevent downwash interference. Having a model
for the forces and torques experienced by a vehicle in down-
wash could allow for the development of controllers robust
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to these disturbances. This would allow for relaxation of
some constraints on planning vehicles’ trajectories amongst
neighboring vehicles, such as in a swarm.

We present a model to analyze the aerodynamic forces and
torques that multirotors experience during proximity flights.
We use results from a UAV downwash model [9] and a
propeller slipstream model [10] to develop some intuition
and visualize the downwash below a quadcopter. We combine
ideas from these models with our experimental data to create
a spatial velocity field map below a multirotor. Lastly, we
characterize the change in thrust produced by each propeller
of a vehicle when subjected to oncoming flows from above.
The theoretical velocity map combined with the change in
propeller thrust is then used to estimate disturbances on a
multirotor flying at a relative separation from another.

We then present an experimental analysis of experienced
aerodynamic disturbances during close formation flight of
two multirotors. Figure [I|shows the two types of quadcopters
that are used in our experiments, a large quadcopter and
a small quadcopter. The specifications of these vehicles
are given in Table [ Vehicles on the scale of the large
quadcopter have sufficient payload capacity to carry useful
sensors such as cameras, gimbals, or LIDARs and are thus
widely used. The scale of the small quadcopter was chosen
to have a payload capacity similar to the weight of a large
quadcopter’s battery, allowing for future work in swapping
batteries mid-flight. This could enable minimally interrupted
flight strategies where, for example, the large quadcopter can
perform tasks such as surveillance and the small quadcopter
can replace a discharged battery of the large quadcopter with
a charged one.

In our experiments, the two vehicles are flown simulta-
neously with various horizontal and vertical separations. We
record the vehicles’ instantaneous accelerations and angular
velocities using an on-board inertial measurement unit (IMU)
in the domain of aerodynamic interference. We also record
the instantaneous position and orientation of the vehicles
using a motion-capture system. These measurements are used
to estimate aerodynamic force and torque as a function of
relative separation of the vehicles. We compare our results
with predictions from our model to validate the model for
our task.

This paper is organized as follows: Section [lI] presents
a model for predicting disturbances on multirotors flying
in proximity, Section derives the equations for obtain-
ing these disturbances experimentally using IMU data, and
Section shows our laboratory setup, model predictions,
experimental results, and validation of the model.
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Fig. 1: The large quadcopter and small quadcopter used in the
experiments

TABLE I: Physical parameters of test vehicles

Small Large
Parameter (symbols)
quadcopter | quadcopter
Propeller diameter (D,,) 50.8 mm 203.2 mm
Arm length () 58.5 mm 165.0 mm
Mass (m) 145¢ 650 g
Maximum thrust (T\pax) 46N 27N

II. AERODYNAMIC INTERFERENCE MODEL

We assume that the aerodynamic disturbances experienced
by a multirotor flown in the downwash of another multirotor
are primarily the result of two mechanisms:

1) Drag from oncoming flow on the frame of the vehicle

2) Change in propeller thrust due to oncoming flow

The oncoming flow is due to the downwash of a multirotor.
Hence, both mechanisms require a knowledge of the velocity
field produced below a multirotor. Subsection explains
the velocity field model that we employ. The mechanisms

are elaborated upon in subsections and
A. Velocity field model

We apply the following assumption on multirotor down-
wash flow field based on [9]: cross-stream flow is negligible.
Axial velocity, which is along zp (the unit vector along z-
axis of the concerned body), is the major component of the
velocity field, and the only component we deal with.

The propeller slipstream model [10] provides an expres-
sion for the velocity field below a single propeller. It assumes
that the flow is established three propeller diameters down
the flow.

We model the flow field in the zone of established flow
(ZEF) as axisymmetric. The velocity is now a function of
vertical (axial) and horizontal (radial) separation, z and r
respectively. Note that for a propeller’s ZEF, low velocity
induced at the center of a propeller disappears, which enables
us to apply the Gaussian profile approximation with respect
to radial separation [11]. Based on this information, we
assume that for a multirotor’s ZEF (z > 3L), the flows from

all propellers have mixed and we can use a Gaussian profile.
Here L is the vehicle size, which is twice the arm length.
For the scope of this paper, we shall only deal with ZEF.

Based on experimental data, we choose an inverse decay
model for the centerline velocity [12], [13].
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3p4, Tepresents the induced velocity (V;) in the
propeller plane given by momentum theory [14], T' is the
thrust produced by the propeller, p is the density of air, 4,
is the propeller disk area, and zj is the virtual origin.

We normalize z with L for better intuition of velocity
decay in terms of the vehicle size. The axial constant, c,x
is dimensionless and derived through experiments. Note that
cax and zy depend on vehicle size and geometry according
to our experimental data.

At any particular axial separation in ZEF, the velocity field
follows a Gaussian profile with respect to radial separation

[9], [10] given by,
. 2
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where c;,q is the radial decay rate and is dimensionless. It
is derived using experimental data.

Since multirotor downwash is a free shear flow, the spread
of the flow is assumed to grow linearly with axial separation
[12], [15]. This explains the (z — z0)? term in equation (2).

where

V(2,7) = Vina(2) exp (—cmd (

B. Drag

The force and torque due to drag is calculated using the
velocity field from equation (2). We make the following
assumptions about a multirotor frame:

1) It is a bluff body with a projected area onto a plane
normal to the oncoming flow. This projected area is
given by its CAD model

2) It has aerodynamic properties equivalent to a flat plate,
with Cp = 1.18 [14].

We can predict drag force on one multirotor (large quad-
copter) which is at a vertical separation of z below the other
multirotor (small quadcopter) and horizontal separation of r.
We assume that both the vehicles are hovering with zero roll
and pitch angles. This gives us the drag force,

Fp(z,r) = /A (—zBM)%C’DpVQ(z’,r’)dA 3)
q
where z’ and ' are coordinates of points on the multirotor
frame’s surface, and A, is the area of the multirotor frame.
The drag force integral can be calculated by dividing the
multirotor frame’s area into small elements and summing the
forces on all these elements.
In a similar manner, we can predict torques using the
velocity field as follows,

Tp(z,7) = / (r' —r) x (szm)%CDpVQ(z’,r’)dA 4)
A

q
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Fig. 2: Two quadcopters in proximity flight; body and inertial
coordinate frames; forces and torques on large quadcopter

where r is the position vector of the center of mass of the
multirotor, and r’ is the position vector of some point on the
multirotor’s frame’s surface.

We define the roll, pitch, and yaw torques as the torque
about xp,yp, and zp respectively. If both vehicles are
hovering then their zp’s are aligned with zr which leads
to (r' — r) being in the z-y plane. This results in the torque
due to drag also being in the z-y plane, which implies that
the yaw torque would be zero.

C. Change in Propeller Thrusts

Momentum theory [14] indicates that thrust produced by a
propeller decreases as oncoming flow incident on the plane of
the propeller increases in velocity, subject to constant power
consumption. This effect has been addressed in [16] which
compares hover thrusts with and without oncoming flows
and approximates the effect as a fourth order polynomial
in oncoming flow velocity, and in [17] which uses blade
element momentum theory.

The degree to which the thrust of the propeller changes
as a function of oncoming flow velocity is difficult to model
using computational methods because the effect is heavily
propeller specific and involves unsteady, turbulent flow.

For our analysis, we make the following assumptions: all
oncoming flows are normal to the plane of the propeller, and
Af, is a function of propeller speed (w,,) and oncoming flow
velocity (von). We know that the thrust is proportional to
the square of propeller speed [14]. We denote the original
propeller force as f, o1a = kiw?, and the propeller force with
oncoming flow as fp new = ka(Von)w?.

Clearly, ko(0) = k1. We make a first order approximation
for ko(von) given by,

k2 (Von) = kl - vaon (5)

where b, is the thrust decay coefficient, which is obtained
experimentally.

Using equation (3), and A fp; = fp new— fp o014, the change
in propeller thrust is given by,

Afpi (wpi; Von) = _bvvonwfn‘ (6)

In the case of one vehicle flying below another, the
oncoming flow velocity experienced by the bottom vehicle
is a function of its relative separation from the top vehicle.
In general, each propeller of the bottom vehicle will experi-
ence a different oncoming flow velocity. Let the propellers,
numbered ¢ = 1 through n, be at position (z;, ;).

The total disturbance force that the multirotor experiences
due to change in propeller thrusts is the sum of A f,; of each
propeller, which are assumed to be parallel to the vehicle’s
z-axis, zp. The disturbance force due to change in propeller
forces is then given by,

n
Fp = Z ZBA fpi (Wpi, Von (2, 73)) (7N
i=1
The Afy; for each propeller may be different, which
produces a net torque on the vehicle. If the position vector
of a propeller is r;, then torque due to Af, is given by,

Tp = (r; —1) x (28)Afpi (8)
i=1
Combining the effects of drag and change in propeller
thrust, we can predict the aerodynamic force and torque
at any relative separation. This completes the model for
estimating aerodynamic disturbances.

III. DISTURBANCE CHARACTERIZATION

In this section, we present the derivation of equations on
how to obtain aerodynamic forces and torques using data
from an accelerometer, rate-gyro, and propeller forces.

A. Force disturbance equations

The output of accelerometer (a) is related to linear
acceleration of the body (a) as,

Ra=a-g 9

where g is the acceleration due to gravity, and R is a rotation
matrix which converts body frame vectors to the inertial
frame. The rotation matrix is obtained via the roll, pitch and
yaw angles of the quadcopter.

Application of Newton’s second law to the large quad-
copter shown in Figure [2] yields,

ma = fp + fo +mg (10)

where m is the mass of the body, f, is the aerodynamic
force, and f), is the total propeller force.
Combining equations (@) and (I0), we get,

4
fo=mRa =Y frizp (11)
i=1

We have access to fp;’s from the input PWM signal and
a-priori propeller calibration data. We also have data of
position and orientation of each quadcopter from the motion-
capture system, which can be used to calculate relative
horizontal and vertical separations between the vehicles.
Thus, we can estimate aerodynamic forces as a function of
relative separation between the quadcopters.



B. Torque disturbance equations

The onboard rate-gyro gives us angular velocity. This can
be differentiated using the forward Euler method to estimate
angular acceleration as follows,

Gy, = k1 Tk (12)
b1 — g
Applying Newton’s second law for rotation to the large

quadcopter, we can write,

RJw=Rt,+ 71, (13)

Here, J is the mass moment of inertia tensor of the body, 7,
is the aerodynamic torque in the inertial frame, 7, is torque
due to propeller forces in the body frame, and w and w are
the angular velocity and angular acceleration of the body in
the body frame.

The torque due to propellers is a result of differences in
propeller forces which create a moment about the center of
the quadcopter. Referring to Figure [2] we get,

_ b

Tpz ﬁ[(fzﬁ + fpa) = (fp1 + fp2)] (14a)
o= sl + h) = U+ o) (140
Tpz = Ke[(fp2 + fpa) = (fp1 + fp3)] (14c¢)

where k; is the torque to thrust ratio of a propeller, which
is obtained experimentally using an RC Benchmark Series
1580 thrust stand.

IV. VALIDATION

In this section, we present our laboratory setup, derivation
of empirical parameters, experiments that we conduct, model
predictions, experimental results, a comparison between the
two, and a discussion on the same.

A. Laboratory setup

We have introduced the two types of quadcopters that
we use for our experiments in section [l The vehicles are
localized via sensor fusion of a motion-capture system and an
onboard inertial measurement unit. Experimental data from
the accelerometer, rate gyroscope, motion-capture system,
and propeller forces are logged for post-processing.

B. Velocity field model parameters

We determine the fit parameters (Cax, 20, Crad) by mea-
suring velocities at various separations in the downwash of
the quadcopters. Figure [3| shows a schematic of our flow
velocity measurement experiment. We mount the quadcopter
sideways, such that its thrust axis is horizontal. It is ensured
that the quadcopter mount and all our measurements points
are far away (> 1.0m) from walls so that the flow field is
unaffected by those. Velocity is measured using a constant
temperature anemometer (TSI Inc. model 1212-60).

Figure [6] (top-left) shows the centerline velocities for the
small quadcopter downwash. A least-squares fit is used over
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Fig. 3: Flow velocity measurement schematic

the data, with zg and c,x as the variables. We get c,x =
4.672, and zp = 0.033 m.

Figure [0] (bottom-left) shows the velocities measured for
the small quadcopter but with an axial and radial separation.
A least-squares fit is used over the data with c.,q as the
variable, which gives us c.,q = 60.808.

The same velocity model is also used for the large quad-
copter’s downwash data. The plots for centerline velocities,
and velocities with radial and axial separations are shown
in Figure [6] (right). The respective parameters from least-
squares fit for large quadcopter’s downwash are c, = 4.886,
zp = 0.110m, and cyoq = 24.936. Note that we do not take
the first point (z = 1.59L) of large quadcopter’s centerline
velocity data for the fit because it does not lie in the ZEF. A
low velocity is measured at this point, which is also shown
in literature experimentally [7][18] and numerically [19].

For axisymmetric, turbulent jet, reported values of c,y in
[13] matched well with derived values. Location of virtual
origin depends on the initial flow profile [20], and the value
can be either positive (downstream) or negative (upstream)
[13][21].

Although the values of fit parameters are not same for the
vehicles, these values are consistent across multiple thrust
values for each vehicle. This suggests that the fit parameters
are dependent on vehicle geometry and the properties of the
fluid we are operating in.

C. Propeller thrust change characterization

We experimentally characterize the propeller thrust
changes as a function of w,, and v,,,. We use a nozzle with an
industrial fan attached to its inlet, and a honeycomb mesh
in front of the fan to produce a uniform flow at the exit
of the nozzle. The industrial fan has a controllable speed
setting allowing us to vary the velocity of flow incident
on the propeller. We measure the thrust produced by the
propeller for various propeller speeds and oncoming flow
velocities using a thrust stand. The thrust decay coefficient
is calculated via a least-squares fit, and we obtain a value of
by = 3.710 x 10" Nm~'rad —2s®.



D. Controller

For our vehicles, we use a cascaded PID position and
attitude controller shown in Figure 4l The integral term in
the controller for the position and yaw allows us to achieve
zero steady-state error. The position controller ensures that
roll and pitch do not have a steady-state error.

Body ¢

Total thrust

Desired Desired

position [ Position | attitude [ Attitude torques. Thrust
control control conversion
A A Propeller

thrusts \

<

Vehicle states

Fig. 4: Block diagram of the controller

E. Experiment description

We perform constant velocity sweep experiments to char-
acterize aerodynamic disturbances. In these experiments, one
of the vehicles is commanded to maintain a position setpoint,
and the other vehicle moves from one position setpoint to
another at a constant velocity. The velocity is kept low
enough so that the motion of the vehicle does not affect our
characterization. We present results from horizontal sweep
experiments.
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Fig. 5: Illustration of a horizontal sweep experiment: (a) Quad-
copters take-off, (b) small quadcopter reaches its desired setpoint,
large quadcopter reaches the initial setpoint, (c) large quadcopter
begins the constant velocity sweep in +y-direction, (d) large quad-
copter reaches the final setpoint, (e) Quadcopters land

F. Model predictions

The predictions that we present are for horizontal sweep
experiments where the small quadcopter maintains a fixed
setpoint (0,0, z) and the large quadcopter is flown below
the small quadcopter from (0,—1,0) to (0,1,0), shown
in Figure [5] We perform these experiments for z €
{0.5,1.0,1.5,2.0,2.5} m. Figure [7| presents the plots for
aerodynamic disturbance force in z-direction (left) and roll

torque (right) on the large quadcopter versus the Y-coordinate
of the large quadcopter due to downwash of the small
quadcopter. Top plots show the effect due to aerodynamic
drag and bottom plots due to change in propeller thrusts.
The combined effect of the two mechanisms is shown in
Figure [8] Forces on the large quadcopter are symmetrically
distributed about yp which results in zero pitch torque.

G. Experimental results

Figure |8 shows plot of aerodynamic force in z-direction
(left) and roll torque (right) on the large quadcopter obtained
via experiments. They have been plotted along with predic-
tions from the model for comparison. The accelerometer and
rate-gyro readings contain noise in the raw format and we
smooth that data using a moving average with a triangular
window function, which helps in visualization of the data.

H. Comparison and discussion of results

We make the following observations about predictions
from the model:

1) For vertical separations greater than one meter, the dis-
turbances due to change in propeller thrusts are much higher
in magnitude as compared to those due to aerodynamic drag.

2) The forces and torques start from zero at high values
of r, which is expected because the downwash velocities
are very low in this region. As the large quadcopter moves
closer to r = 0, the magnitude of forces starts to increase
and achieves a maximum at » = 0. On the other hand, the
torques attain a maximum at some non-zero 7 and go to zero
at » = 0. This is expected because at r = 0, the forces on
the quadcopter are distributed symmetrically.

3) Both the magnitude and the spread of the velocity field
affect the forces and torques. For example, we know that
centerline flow velocity is higher for lower z, that is when
the two vehicles are closer. So for our experiments, we have
highest centerline velocity for z = 0.5 m, but Figure [7| shows
that force due to change in propeller thrust is lower for
z = 0.5 as compared the force at higher z values. This is
because the velocity field is narrow at z = 0.5 compared
to the field at greater axial separations. Consequently, the
propeller area affected by the oncoming flow at z = 0.5 is
lower as compared to the affected area for higher z values.
The force due to change in propeller thrust is thus small at
very low axial separations.

4) The spread of the forces and torques due to drag and
change in thrusts increases monotonically with increasing z.
However, the peak magnitude of these forces and torques
is not monotonic with respect to z. It attains a maximum
value and then starts decaying. This happens as a result
of increasing spread but decreasing centerline velocity, with
increasing z.

We make the following observations about experimentally
derived disturbances:

1) The forces and torques follow a similar trend as the
predicted values. They start from zero at high values of . As
the large quadcopter moves closer to » = 0, the magnitude
of force starts to increase and achieves a maximum at r = 0.
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The torques attain a maximum at some non-zero 7 and go
to zero near r = 0.

2) The values near » = 0 fluctuate a lot. This happens
during the experiment because the large quadcopter is trying
to counter the aerodynamic disturbances, which leads to
some oscillations in position and attitude.

3) The forces on small quadcopter for the horizontal
sweep experiments were less than 3% of its weight. On
the large quadcopter, these were about 10% of the large
quadcopter’s weight. We can conclude that the disturbance
effect due to airflow is much less pronounced on the vehicle
that flies higher.

We now compare the results from our experiments with
predictions from the model:

1) The predicted and experimentally derived forces and
torques match well both in magnitude and spread for larger
values of vertical separations, z € {1.0,1.5,2.0,2.5}m.
However, the model fails to predict the disturbances well
for lower vertical separations such as z = 0.5m. This
can be attributed to the fact that our velocity field model
assumes the flow to start from a virtual downstream point,
and spreads linearly with axial separation. In reality, we have
a quadcopter which is not producing flow through a point,
but via four propellers placed certain distances apart. In the
near field, z < 6L [13], this flow field initially contracts
due to acceleration from propellers and then expands due to
deceleration from viscous effects. This is not captured by
our velocity model, which leads to discrepancy between the
predictions and experiments for low values of z.

2) Both the experiments and predictions show that there is
a cutoff horizontal separation beyond which the disturbance
on the large quadcopter is negligible. This cutoff separation
is dependent on the vehicle sizes, and the vertical separation.
This information can be used to plan a trajectory for a
docking maneuver or to minimize the disturbance effect from
other vehicles’ airflow.

3) We have observed that major component of the forces
and torques are due to change in propeller thrusts rather than
aerodynamic drag. So for predicting disturbances with higher
accuracy, we need to characterize the propeller thrust changes
with higher accuracy and precision.

4) We have a good match between predictions and ex-
periments for z > 1.0 m. This information can be exploited
to compensate for the disturbance effect by incorporating it
into the control algorithm for improved stability during a
proximity flight maneuver.

V. CONCLUSIONS AND FUTURE WORK

In this paper, we have explored the disturbance effect
of airflow of one quadcopter on another in terms of the
aerodynamic forces and torques that the other quadcopter
experiences. We have built a model for the velocity field
below a multirotor by employing an inverse decay model for
the center-line velocity along with a Gaussian distribution of
velocities with respect to radial separation. This model was
based on a combination of existing literature and experimen-
tal flow data measured for our quadcopters.

We then developed a model to theoretically characterize
the aerodynamic forces and torques. This was based on the
assumption that these disturbances are mainly caused by
two mechanisms: aerodynamic drag and change in propeller
thrust due to oncoming flow.

We have derived equations to characterize the aerodynamic
disturbances using data from sensors, specifically accelerom-
eter and rate-gyro. We have then flown two quadcopters
simultaneously and characterized these disturbances with
respect to relative separation.

We finally compared the predictions of forces and torques
from the model with those obtained experimentally and
verified that the model predicts the forces and torques well
for certain ranges of relative separation, especially when
vertical separation is more than a meter. This information
can be used by a multirotor, for example, to compensate for
disturbances due to airflow when flying in the downwash of
another multirotor, which most of the current applications
choose to avoid.

In future work, we will improve the velocity model at
lower vertical separations by incorporating the effect of
a multirotor’s size on the spread of velocity for better
predictions of forces and torques in that region. Results
from the model and experiments may be used to develop a
controller that can compensate the aerodynamic disturbances
and plan intelligent trajectories for multirotors flying in close
formations such that they are minimally affected. We can
then utilize the compensating controller and trajectories for
applications such as package transfers, co-operative lifting
of a heavy payload using multiple multirotors, or docking.
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